The precise analytical modeling magnetic characteristics in the switched reluctance motors is presented in this study, based on the two-dimensional least squares. The proposed precise modelling is the analytical expression with respect to both the rotor position and the current The coeficients in the expression are determined by the twodimensional least squares method. The derivations of the modelling are described in detail. Furthermore, the effect of the degree number of the fitting polynomials on the fitling errors is discussed. The titling curves from the proposed modelling are fully in agreement with ones from the experiment. It validates the proposed modelling. This study is very helpful for accurate prediction of performance, simulation, torque control, as well as sensorless control of the switched reluctance motor drives.
1. INTRODUCTION Accurate descriptions of nonlinear magnetic characteristics in the switched reluctance motor drives are crucial when performing performance predictions, simulations, computeraided designs, as well as sensorless control of the switched reluctance motor drives. Nonlinear magnetic characteristics in the switched reluctance motor drives can be described accurately by use of the nonlinear interpolation methods [I] [2]. To implement rapid simulation and real-time computations, however, establishing precise analytical models of nonlinear magnetic characteristics is a challenging area for researchers.
In general, nonlinear magnetic characteristics in the switched reluctance motor drives are obtained from measurements on existing motor or from numerical computations such as finite element (FE) analysis. It is desirable to model analytically and accurately the nonlinear magnetic characteristics. Such analytical models should provide all of the magnetic information for arbitrary rotor position and arbitrary current, and match the experimental or numerical data. Some publications offered their contributions to analytical modeling of nonlinear magnetic characteristics in the switched reluctance motor drives [31-[71. In [3] , Torrey and Lang present an analytical expression for the flux linkagelcurrentlposition data. The equation can provide all of the magnetic information. But the expression is a complicated function that includes the cosine function end exponential function, in which the coefficients are needed to be computed by Fourier cosine series. On the basis of PI, Torrey, Niu, and Unkauf developed the piece-wise linear model [4] . The nonlinear magnetization characteristics of the switched reluctance motor drive are modeled analytically by the piecewise first-or second-order functions of the flux linkage against the rotor position, with the current as an undermined parameter [5]. In the method of [5], the rotor position region is divided into the three sub-regions and the current region is divided into the two sub-regions. Chan and Weldon developed a nonlinear switched reluctance motor model, in which the multiple shape functions are used to fit magnetic data. The shape function is a complicated function that is composed of the exponential function and the logarithm function [6] . In p'], the nonlinear model of the switched reluctance motor uses the equivalent magnetic circuit of the motor as a set of reluctances linked in series and in parallel.
Least squares are widely applicable to science and engineering and are very efficient tools to precisely fit discrete data [SI- [IO] . The two-dimensional fitting function is directly regarded as the model of nonlinear magnetic characteristics in the switched reluctance motor drives, because the flux linkage in the switched reluctance motor dnves is the function of both the rotor position and the phase current, This study just utilizes the two-dimensional least squares method to model nonlinear magnetic characteristics in the switched reluctance motor drives. The polynomials, in which the rotor position and the phase current are directly defined as the variables, are chosen as the fitting function. The coefficients in the fitting function are determined by the two-dimensional least squares. The detailed derivations are described in this paper. Furthermore, the effect of degree number in the fitting polynomials on the model errors is discussed. The comparisons between the fitting curveslsurface and the experimental curveslsurface verify the proposed modelling of nonlinear magnetic characteristics in the switched reluctance motor drive. Because the proposed modelling is based on the two-dimensional least squares and obtained through the strict mathematical derivations, this modelling is more accurate than the previous reported models 0-7803-7754-0/03/$17.00 02003 IEEE of magnetic characteristics in the switched reluctance motor drives. Very good agreements of the fitting results with the experimental results can also testify it. All the coefficients in the proposed analytical modelling can be computed in advance. One only needs to determine the few data and can obtain flux linkage values at arbitrary rotor position and at arbitrary current using the proposed precise analytical modelling. This will enhance the rapidity and accuracy of the computation markedly. Thus, this study will be very useful for accurate prediction of performance, simulation, torque control, as well as sensorless control of switched reluctance motor drives. From the least squares, (6) can be yielded (4) 2) Construction of the fining polynomial with respect to the current: For the current i, the fitting polynomial based on the least squares is determined by (7).
where the total q,(i) (&,I, ..., q-I) are the orthogonal polynomials and are computed by the following (8). 
C . Two-Dimensional Fitting Polynomials
From the above derivations, the two-dimensional fitting polynomials based on the least squares can be obtained as shownin(l2).
It is seen that (12) can be changed into the standard form of (I). To avoid the computation overflow, the following modelling should he employed instead of ( I ) [8] .
It is clear from (13) that the presented analytical modelling is the two-dimensional polynomials respect to the rotor position and the current. The number of the coefficients m the modelling depends on the number of the degrees. Eqn (13) can be utilized to compute the flux linkage values at arbitrary rotor position and at arbitrary current. Thus, rapider computation is obtained and less computer memory is taken up, using the presented analytical modelling than interpolation method. For the prototype of the four-phase switched reluctance motor drive, the period is equal to 60 mechanical degree.
APPLICATIONS
Because the flux linkage values are symmetrical about the rotor position of 30 degree within a period, it is enough to study fitting the magnetic data within half a period. Within half a period, the 13 rotor position data from 0 degree to 30 degree, the 7 current data from 0 A to 12 4 and the corresponding 13x7 flux linkage data are obtained through the experiment (i.e., m=13 and n=7). Thus, it is selected that the maximum degree of the fitting polynomials with respect to the rotor position is equal to 7 and the maximum degree of the fitting polynomial with respect to the current is equal to 6 (i.e.,p=X andq=7). and 7 in (14) is equal to 15 degree and 6.0 A, respectively. From the above derivations in Section 11, the computation results of the coefficients ag (k =0, 1, ..., 7 and j = O , 1, ..., 6) in (14)areshowninTahleI. quite small. Therefore, Fig. 1, Fig. 2 at arbitrary rotor position and at arbitrary current can he computed accurately from the analytical modelling presented in this study and based on the few given data. It is clear from Fig. 1 and Fig. 2 that the experimental curves of the flux linkage agree very well with the fitting curves from the proposed modelling. This can he also observed from Table 11 , which shows the computation results ofthe four errors between the experimental and fitting values.
In Table 11 , SSE represents the sum of the squares errors, which is determined by (15); SAVErepresents the sum of the absolute values of the errors, which is computed from (16); MAVE denotes the maximum value of the absolute errors, which is determined by (17); and MRE denotes the maximum relative error, which is computed from (1 8). 
IV. DISCUSSIONS OF THEACCURACY O F M E MODELLING
The accuracy of the presented analytical modelling can be verified by the fitting errors of the modelling, which includes SSE, SAVE, MAVE, and MRE in this study and which are defined in the last section. In general, the fitting errors of the presented analytical modelling depend on the maximum degrees of the fitting polynomials in the modelling. However, that does not mean that the higher degree in the modelling results in the smaller fitting errors [XI. Furthermore, the higher degrees in the modelling are not propitious to the rapid computation. Hence, the determination of. the maximum degrees of both the rotor position and the current in the modelling should take account of the number of the given rotor position angles, the number of the given currents, the fitting errors of the modelling, and the rapidity of the computation. The results from Fig. 5 to Fig. 8 show the changes of the four fitting errors with the maximum degrees in the modelling. In the figures, the numbers of the abscissa represent the indexof the maximum degree groups and also determine the values o f p and q, which are shown in Table 111 . It is seen from Fie. 5 to Fie. 8 that the deerees in the 
V. CONCLUSIONS
. This paper presents a novel precise analytical modelling nonlinear magnetic characteristics in the switched reluctance motor drives, based on the two-dimensional least squares. The modelling is the two-dimensional polynomials with respect to both the rotor position and the phase current. The few coefficients in the modelling can he determined in advance from the few given data. The modelling can he used to compute flux linkage values at arbitrary rotor position and at arbitrary current.
The experimental and computational results show that the fitting values from the proposed modelling agree very well with the given values from the experiment and the fitting errors are very small. Thus, the proposed modelling in this paper can precisely describe nonlinear magnetic characteristics in the switched reluctance motor drives.
The proposed analytical modelling can enhance the rapidity and accuracy of the computation markedly. This study is very helpful for accurate prediction of performance, simulation, torque control, as well as sensorless control of the switched reluctance motor drives.
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